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COMPONENT PERFORMANCE INVESTIGATION OF J71 EXPERIMENTAL TURBINE
IV - EFFECT OF FIRST-STATOR ADJUSTMENT; OVER-ALL PERFORMANCE OF
J71-97 TURBINE WITH 132-PERCENT-DESIGR STATOR AREA

By Elmer H. Davison, Donsld A. Petrash, and Harold J. Schum

SUMMARY

The performance changes resulting from adjusting the first-stator area
of the J71 experimental three-stage turbine are being investigated. The
performance of this turbine with stator areas 97 percent of design has
been presented previously. The performance of this same turbine with the
Tfirst-stator area increased toc 132 percent of design by changing the stag-
ger angle of the blades is preésented herein.

Comparison of the performance of these two turbines showed that (1)
the maximum efficiency obtained decreased from 0.891 for the J71-97
turbine to 0.869 for the J71-132 turbine; (2) the initial choke point
changed from the third-stage rotor for the 97-percent turbine to the first-
stage rotor of the 132-percent turbine, with subsequent blede rows chok-
ing as the over-all pressure ratlo was increased; and (3) increasing the
first-stator throat aree from 97 to 132 percent of design increased the
value of the choking equivalent weight flows by approximetely 13.6 per-
cent., In addition to the performence comparisons, example turbine match
points based on the experimental data were calculated for an engine mode
of operation during which the compressor is meintained at constant design
eguivalent conditions. From these calculations it was concluded that (1)
increasing the first-stator area from 97 to 132 percent of design corre-
sponds to increasing the engine temperature ratio (turbine inlet to com-
pressor inlet) 27.5 percent; and (2) the turbine efficlency at the match
point decreased from 0.87 to 0.86 for this increase in the first-stator
area.

INTRODUCTION
The NACA Tewis laboratory is currently conducting a study of the

performaence changes resulting from adjustlng the first-stator area of a
high-work-output low-speed multistage turbine. If a turbine is operated!
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with fixed first-stator area, the choking inlet equivalent welght flow of

the turbine is either constant or has only a small variation. This re- -
strictlion of the inlet equivalent weight flow limits the range of en-

gine temperature ratic (turbine inlet to tompressor inlet) over which an

engine can operate. Several of the advantages obtained from increasing L
the engine temperature-ratio range by stator adjustment are (1) decreased
acceleration time and (2} added flexibility in the mode of engine
operation. : ) ) T

An anslytical investigation was made in reference 1 of the perform-
ance changes resulting from stator-srea adjustment for a particuler three-
stage turbine. This investigation showed that increases in equivalent
welght flow were smaller than corresponding increases in stator throat
area for adjustment of the first-stator area or simultanecus adjustment
of all three stator areas. In addition, the percent increase 1n inlet
equivalent weight flow obtained by adjusting all three stators simuliane-
ously was nearly twice that obtained by adjusting only the first stator.

3837

The purpose of this report 1s to evaluate the effect on over-all
performence of increasing the first-stator throat asrea of the J71-97
experimental three-stage turbine (ref. 2) to 132 percent of iis design e
value. This modified turbine, hereinafter called the J71-132 or simply
the 132-percent turbire, was investlgated as a component under equivalent
cold-air operating conditions. The 1lncrease in stator throat areas was
obtained by changing the stagger angle of the design blade profiles.

The new compiedsdr and turbine match points determined by & glven
stator area change depend on the mode of englne operation selected (opera-
tion with constant rotative speed, operation with constant exhsust-nozzle
aree, maintaining the compressor at equivalent design conditions, etc.).
The best mode of engine operation far a particulaer engine over a range of
flight conditlons can only be determined from an extensive cycle analysis.
No attempt 1is made in this report to evaluate the advantages of the dif-
ferent modes. However, & turbine match point for the 132-percent stator
setting was calculated based on the assumption that the compressor con-
tinued to operate at design equivalent conditions. Thus, the change in
turbine performance was evalueted for at least one mode of engine
operation.

SYMBOLS
The following symbols are used in thils report:. : .
b ratioc of bleed air to compressor weight flow

E enthalpy drop based on torque measurements, Btu/lb
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l_l

cr

fuel-air ratio

gravitational constant, 32.174 Tt/sec?
mechanical equivalent of heat, 778 ft-1b/Btu
rotational speed, rpm

pressure, in. Hg abs

rating total pressure, static pressure plus velocity pressure
corresponding to axlel component of wveloclity, in. Hg abs

gas constant, 53.4 £t-1b/(1b)(°R)
temperature, “R

weight flow, 1b/sec

welght-flow parameter based on product of equivelent welght flow
and equivalent rotor speed

ratio of specific heats

ratio of inlet-alr pressure to NACA standard sea-level pressure,
pé/29.92 in. Hg abs

| ]
i Te_l

!(?e + 1

YsZ N2

function of vy, —
Te |

brake intermnal efficlency, ratio of actual turbine work based on
torque measurements to idesl turbine work based on lnlet total
pressure pé and outlet rating total pressure pé 7
2

squared ratio of critical velocity at NACA standard sea-level
—2r_
T + 1 8RT0
R,
2gy
“"“fi’gRTsl
Tgy *

temperature of 518.7°

torque, ft-1b
U
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Subscripts:

Cc compressor

d design

e engine operating conditions

sl NACA standard sezs-level conditions

T turbine

X axial N R, .

c,1,2
3,4,5, measuring stations (see fig. 2)
6,7

Superscript:

! total or stagnation state

APPARATUS AND PROCEDURE

Both this investigation and that of the J71-97 turbine (ref. 2)
were carried out with the same turbine test installation. A photogrseph
of the over-all turblne experimental setup is shown in figure 1.

For this investigation the first stator of the J71-97 turbine was
replaced with one having design blade profiles set at the stagger angle
required to increase the throat area to 132 percent of the deslign arca.
The area was limited to a maximum of 132 percent of design because any
larger area moves the throat upstream of the tralling edge at the mean
blade section. - T T T -

The instrumentation used in the investigation was the same as that
described in reference 2. A schematic diasgram of the turbine showing the
instrumentation 1s presented in figure 2. Measurements of total pressure,
wall static pressure, and total temperature were taken at the turbine in-
let (station O) and at the turbine outlet (station 7). In addition, wall
static tape were installed on both the inner and outer shrouds ahead of
each row of blades and at the turbine outlet.

For the turbine wlth deslgn stator areas, the equivalent design con-
ditlons are as follaws:

3837

i



Le8S

NACA RM ESSHO9 Eha— 5

Work, BEu/ID .« v v v v i 4 s 4 4 e e e h e e e e s e e e e e . . 32,4
Welghtflow,l'b/sec........................4_-0.3
Rotational speed, rpm . . . . e s e e e . . « « o« . 3028

Engine temperature ratic (turblne 1nlet to compressor inlet) B i £ 51

The turbine was operated st a nominal inlet pressure pé and tem-

perature Té corresponding to 33 inches of mercury sbsolute and 700° R

A range of rating total-pressure ratio pé/p‘ 7 from 1.4 to 4.2 was im-

posed across the turbine, and the speed.was varied from 20 to 130 percent
of equivalent design speed N.4/

The values of equivalent weight flow have been corrected for the fuel
addition required to maintain the 700° R turbine-inlet temperature. Tur-
bine efficiency is based on measured torque, welght flow, and the turbine-
outlet pressure pé 72 which was calculeted by adding the axial cowmponent

2
of the velocity pressure to the average wall static pressure at the
turbine-discharge measuring station. The axisl component of velocity was
computed from the turbine weight flow (air flow plus fuel flow), the known
annular aresa at the measuring station, and the measured total pressure,
total tempersture, and total- to static-pressure ratio. The calcu-~
lated outlet pressure charges the turbire for the energy of the rotor-
discharge tangential velocity.

A turbine match point was calculated based on the assumption that the
compressor continued to operate at design equivalent conditions. The meth-
od used to determine this match point 1s glven in the gppendix.

RESULTS AND -DISCUSSION
Over-All Performance

The over-all performance of the 132-percent turbine is presented in
figure 3 as a plot of eqguivalent work E/Gcr against the flow parameter

(wN/608)e for constant values of equivalent speed N/A/Gcr and rating -

total-pressure ratio pé/pi,7. In addition, contours of constant brake
internal efficiency n; based on torque and rating pressure ratio are
shown. T
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In general, the performance was good. The maximum efficlency ob-
tained was 0.869, occurring at 120 percent of equivalent design speed and
an equivalent shaft work of 32.4 Btu per pound. This compares favorably
with the maximum efficiency of 0.891 obtalned with the turbine of refer-
ence 2, which hed stator areas spproximately 97 percent of design.

The variation of equivalent torgue with rating total-pressure ratlo
for the equlvalent speeds investigated is shown in flgure 4. TLimlting
loading was not obtalned with the pressure ratios imposed across the tur-
bine, as evidenced by the contlnual increase of torque with pressure ratio
st all speeds investigated. The same characteristics were observed for
the turbine of reference 2. -

Choking Characterlstics

The variastion of equivalent weight flow with rating total-pressure
ratlo for the equivalent speeds investlgated 1s shown in filgure 5. Chok-
ing weight flow, indlcated when the curves have a zero slope, was obtalned
for speeds of T0 percent of design equivalent speed and above. The value
of choking weight flow decreased with an lncrease 1n speed, which indlcates
that the first stator is not choked but that some blade row downstream of
this stator is choked.

The increase in the value of the choking weight flow cobtained by in-
creasing the first-stator area from 97 (ref. 2) to 132 percent of design
is shown in figure 6. The choking equivalent welght flow (maximum welght
flow) as a percent of the equivalent design weight flow is plotted against
percent equlvalent design speed for those speeds at which choking was ob-
tained. ‘At design equivalent speed, figure 6 shows that this increase in
the first-stator area resulted in a 13.6-percent increase in the choking
welght flow. Approximstely the same percentage increase in the choklng
welght flow occurred at the other speeds.

Increasing the throat area of the first stator corresponds to oper-
ating the engine at a higher engine temperature ratio (turbine inlet to
compressor inlet). For nearly any mode of engine operation specified,
this would cause the turbine equivalent speed to decrease or perhaps to
remain constent. It is also doubtful that the equlvelent speed of the
turbine would drop much below 80 percent of the equivalent design speed.
For these reasomns, the choking characteristics of the turbine at 80 and
100 percent of equivelent design speed have been examlned in detall end
compared with the choking characteristics for the turbine of reference 2.

The static-pressure distribution at the hub of the blades ie plotted
against rating total-pressure ratio pé/pi ; for 80 and 100 percent of
2

equivalent design speed in figures 7(a) and (b), respectively. The static
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pressure at each station has been divided by the inlet total pressure in
order to eliminate the effect of the small fluctuastions in inlet total
pressure encountered whlle testing the turbine. These figures are useful
in determining the choking charscteristics of the turbine.

Choking in a blade row, or downstream of the blade row, is indicated
when the ratio of the static to inlet total pressure p/pé shead of the

blade row remains constant with increaslng rating pressure ratio pé/pé 7°
2

Choking in a glven blade row rather than some point downstream of the
blede row occurs if the pressure-ratio curve shead of the blade row levels
out at a lower rating pressure ratio than those curves at measuring sta-
tions farther downstream. Based on this criterion, figure 7(a) for 80
percent of equivalent design speed indicates that the first-stage rotor,
second-stage stator, third-stage stator, and third-stage rotor choke suc-
cesslvely as the rating pressure ratio increases, since the pressure-ratio
curves at stations 2, 3, 5, and 6 level off at increasingly higher rating
pressure ratios. The pressure-ratio curve at station 4, shead of the
second-stage rotor, appears to level out at about the same rating pressure
ratio as at station 5. Therefore, it camnnot be definitely established
from figure 7(a) whether the second-stage rotor has choked, although it
mey choke simultenecusly wilth the third-stage stator. At the entrance to
the first stator, station 1, the Mach numbers are quite low over the entire
range of rating pressure ratio. Thus, the static-pressure varlation at
this station 1s guite small, which makes it difficult to esteblish from
figure 7(a) whether the flrst stator chokes. However, the previous exam-
ination of the weight-flow curves of figure S5 showed that this stator did
not choke. The choking pattern of the turbine at 100 percent of design
equivalent speed (fig. 7(b)) appears to be the same as at 80 percent of
design equivalent speed.

For the turbine with 97 percent of design area stator (ref. 2), it
was only establisbed that the last rotor choked. Other blade rows, with
exception of the filrst stator, mey have choked simultanecusly wilth the
last rotor, but this could not be established. Because the equivalent
welght flow varied with equivaelent speed, it was known thet the first
stator did not choke. Thus, opening up the first stator of the turbline
moved the initial choke point into the first-stage rotor with subsegquent
blade rows choking as the over-all pressure ratio was increased.

Match Point

A turblne match point based on the experimental data was calculated
for an engine mode of operation during whlch the compressor is malntained
at constant design equivalent conditions. Other modes of engine opera-
tion would result in different turbine match points that perhaps would
result in better over-all engine performence for the same thrust output.
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However, the match point calculated will serve to show the typlcal change
in turbine performance that can be expected when the throat ares of the
first stator is increased to 132 percent of design by changing the stagger
angle of the blades. The design conditions, along wlth the experimental
match point for the 97-percent-area turblne (ref. 2) and the 132-percent-
aresa turbine of this report, are listed in the followlng table:

Deslgn | Turbine of ref. | Turbine of xref. 2
2, 97-percent- | with first-stator
design stator ares Increased. to
areas 132-percent design
Equivalent work, Btu/lb | 32.4 29.7 23.2
Equivalent welght flow, 40.3 42.0 47.3
1b/sec
Equivelent speed, 100 g6 85.2
percent design
Experimental turbine 0.87 0.86
efficiency
Engine tempersature 4.16 4.51 5.75
ratio (turbine inlet
to compressor inlet)

These data were obtained from figures 3 and 8 of thils report and the ex-
perimental performance map, figure 4 of reference 2. The data in this
table show that the increase in the first-stator area from 97 to 132 per-
cent of design resulted in a 27.5-percent increase in engine temperature
ratio. ’

As noted previously, the maximum efficiency of the 132-percent tur-
bine was 0.8683, which compared favorably with the maximum of 0.891 for
the 97-percent turbine (ref. 2). At the match pointa, the efficlency de-
creased from 0.87 for the 97-percent turbine to 0.86 for the 132-percent
turbine. The match point for the 132-percent turblne, therefore, remained
in the reglon of good efficiency. At the match polnts, the equivalent
weight flow of the 132-percent turbine was aspproximately 12.6 percent
higher than for the 97-percent turbine.

SUMMARY OF RESULTS

From an investigation of—the J71-97 experimental three-stage turbine
with the first-stator area increased to 132 percent of design by changing
the stagger angle of the blades, the following results were obtelned:

1. The meximum efficlency obtained was 0.869, occurring at 120 per-
cent of equivalent design speed and an equivalent shaft work of 32.4 Btu
per pound. This compared favorably with the maximum efficlency of 0.891
obtained with the turbine lnvesitigeted previously which had stastor areas
approximately 97 percent of deslign.

3837
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2. For the turbine with 97-percent-design-area stators, it appeared
that only the third-stage rotor choked. Opening the first stator of the
turbine moved the inditial choke point into the first-stage rotor, with
subsequent blade rows choking as the over-all pressure ratio was increased.

3. Increasing the first-stator throat area from 97 to 132 percent of
design resulted in aspproximately a 13.6-percent lnerease in the choking
equivalent welght flows of the turbine.

4., Iimiting blade loading was not reached over the range of condi-
tions investigated for elther turbline.

5. Example turbine match points based on the experimental data were
calculated for an engine mode of operation during which the compressor is
melntained at constant deslign equivalent conditions. From these calcula-
tions, the following conclusions were cbtained:

(a) Increasing the first-stator area from 97 to 132 percent of
design corresponded to increasing the engine tempersture ratio (tur—
bine inlet to compressor inlet) by 27.5 percent.

(b) The turbine efficiency at the match points decreased from
0.87 to 0.86 for an increase in the first-stator area from 97 to 132
percent of design.

(c) The turbine equivalent weight flow at the match points in-
creased approximately 12.6 percent for an ilncrease in the first-
stator area from 97 to 132 percent of design.

Iewis Flight Propulsion Laboratory
Natlonal Advisory Committee for Aeronsutics
Clevelend, Chio, August 89, 1855
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APPENDTX - MATCH-POINT SELECTION

The turbine match point was calculated for an engine mode of opera-
tion durlng which the compressor is maintained at constant equlivalent de-
sign conditions. .In the following discussion, the subscripts 1, 2, and
3 refer to the compressor inlet, compressor outlet, and turbine inlet,
respectively. The compressor parameters."Eq/qu,l, Nq/ffecr,l’
w’ecl '

_ing_zh_.el, and pé/pi were assumed to be constant, because the compr-a-

1 .
sor 1s meintained at constant design equivalent conditions. The pressure
ratio across the burners pé/pé was also assumed. constant.

The three matching relations between the compressor and turbine in
the engine can be written as follows: h

Rotative speed:

N, = N, (1)
Continuity:
wp = {1+ £)(L - b) Vo (2}
Work:
1
Br =TT I -5 C (3)

where equation (1) results because the compressor and turbine are direct-
1y coupled. : . : L .

In the following development it is assumed that the fuel-air ratio
f and the bleed-air ratio b are such that (1 + £f)(1 - b) always has a

value of unity. Equations (1) to (3) can be written in terms of equiva-
lent component operating conditions as follows:

Ng - NT_ fecr,3 (4)
f /
ﬁJecr,l AJecr,S ecr,l

(W‘C /\fecr,l)el=C‘rT/\/—9cr,3)€3 /ecr,l Eé P € (5)
N

1 S5 8cr,5 P2 P] €3

e

EC ET 6cr,3 (6)

e

er,l cr,3 9cr,l

3837
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If the ratios of specific heats y; and 1z as well as Ec/ecr 15

c//\/ cr,1’ {w f\/ er, 1/51) €1 PZ/P]_, and p?_,/p2 are assumed consta,nt

1t follows from equa:tions (4) to {6) that

Np Nop T3 T |
G "\ A/B T T2 (7)
cr,3 er,3/d4 l4 3
H T
Vip echS e = (wT ecr,S c ) E]_. E_ (8)
53 3 B3 5/ 3 1
By _( Ep\ (T3 1 o)
= my mr
gcr,.'s 9c::r,:i a\%/a T3

The turbine design values of N A/ 3’ {w ,,f er, 3/ ) ez,

E‘I‘/ecr z, and the design engine tempera.ture ra.t:l.o TS/Tl are given in

the APPARA'_‘LUS AND PROCEDURE sectlon of this report. With the design val-

ues known, the turbine parameters (w NG er, 3/6 ) €5 E‘I'/ecr -
2

{wTNT/6085) €z, and englne tempera’cure ratio T3/T' can all be plotted

K N .
against percent design equivalent speed z /< £ ) as shown in
’\/ ecr,.’.’: ’Vbcr,s d
figure 8. Any set of turbine parameter values satlsfying these conditions

wlll, for the engine temperature ratioc indlcated, maintein the compressor
at design equivalent condlitions.

The experimental match polnt for the 132-percent turblne that satis-
fies these condlitions was determined in the following manner. WLth the
compressor operating at constant design equivalent conditions, it can be
shown that the equivalent torque of the turbine {Tp/8z) ez is constant

at the deslign value. The turbine equivalent torque can be written as
follows:

.

Tq e = Bp ¥pafOcr,3 /\/acr,.’ﬁ 60T (10)
55 Oz, 5 Np 2=
or, upon substitution of equations (4) to (6}, as
N b
fi['_ s = Ex  wg A 8cr,:l_ cr, _%__J'._ 60J €_5 (11)
55 6cr,l SI Pz P2 2Zx &
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Since EC/Gcr,l’ (WC‘Vacr,l/al) €1’ NC/ Vecr,l’ pé/pé, Pé/Pi’ Ty, 80d Yy
were assumed constant, the equivalent torque of the turbine 1s constant at
the design value. At design torgue, the over-all rating total-pressure
ratio at the different percentages of design equivaelent speeds cen be ob-
tained from figure 4. The equlvalent weight flow at these pressure ratios
and speeds can then be determined from figure 5. A plot of equivalent
welght flow against percent design equivalent speed for constant design
equivalent torque can thus be obitained. Such a plot from the experimental
datae of the 132-percent turblne 1s shown superimposed on the first plot of
Tigure 8. The intersection of this curve with the sollid curve determines
the match point of the turbine for constant compressor design equlvalent
conditicns. This match polnt is alsc indlcated on the turblne pexformance
mep (fig. 3). The design match point snd the match point for the experi-
mental test data of reference 2 are also shown in figure 8.
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Figure 1. - Inmstallation of J71-132 experimental three-stage turbine in full-scele
turbine component test facility.
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Figure S. - Variation of equivalent weight flow with over-all rating total-pressure
ratio for values of constant equivalent rotor speed.
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Figure 7. - Varlation of statlic pressure at hub wlth over-all rating total-

pressure ratioc at different measurlng statlions for constant rotor apeed.
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Flgure 7. - Concluded. Variation of static pressure st hub with over-all rating Lad
total-pressure ratio at different measuring stations for constant rotor apeed. -
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